The purpose of this study is the development of a nerve electrode that reorganizes nerve geometry slowly and controllably. The Flat Interface Nerve Electrode (FINE) can reshape the nerve into an elongated oval and provide selective stimulation. However, the rate of closure of this electrode is difficult to control. The Slowly Closing -FINE (SC-FINE) is designed with an opening height larger than the size of the nerve to accommodate initial swelling. The electrode closes slowly to reshape the nerve into the desired flat geometry. The SC-FINE is created by combining the reshaping properties of the FINE and the controllable degradation of Poly (DL lactic-co-glycolic) acid (PLGA). Bonding 50/50 or 65/35 PLGA to a stretched FINE increased the opening heights (OH) on average from 0.1 mm to 1.66 AE 0.45 and 2.05 AE 0.55 mm respectively. The addition of the PLGA films controls the time course of closure over a period of 16 AE 1 days and 14 to 16 hours for the 50/50 and 65/35 SC-FINEs respectively in vitro. An in vivo chronic experiment using 50/50 SC-FINEs implanted in 28 rats with an average OH of 1.87 AE 0.34 mm show that the reshaping periods in vivo and in vitro are similar.
INTRODUCTION
R ecent observations suggest that the cross-sectional geometries of nerve trunks are generally ellipsoid in shape and these geometries are created by the local anatomy of the surrounding tissue [1, 2] . Experimental data also show that nerve cross-sectional geometries can also be reshaped by extraneural electrodes [3] . Extraneural electrodes [4, 5] , such as the spiral [6, 7] and the helix [8] , have cylindrical cross-sections and have applications in functional electric stimulation (FES) devices [5, 9] . These electrodes are considered to be nondamaging to the nerve due to the self-sizing property they possess, which allows for short-and long-term nerve swelling. However, selectively activating central axon populations is problematic without specialized techniques [10] [11] [12] . Conversely, intrafascicular electrodes [11, [13] [14] [15] [16] [17] [18] are placed within fascicles in the immediate proximity of axons, and therefore achieve better selectivity. This increased selectivity is accomplished by penetrating the epineurium and perineurium, which may lead to nerve damage [19] .
To improve the selectivity of extraneural nerve electrodes, the Flat Interface Nerve Electrode (FINE) [20] was designed, built, and tested. The FINE is designed to reorganize the transverse cross-section of the nerve and its fascicles into ovals by applying a small, noncircumferential force to the nerve. By realigning the fascicles within the electrode, the FINE provides both fascicular [20] and subfascicular [21] selectivity. The oval shape of the FINE improves the selectivity for stimulation and recording [20, 22] , but the FINE's ability to quickly reshape nerve geometry may cause acute compression type injury [23] . The duration of the reshaping period is unknown, but experimental observations suggest that within 12 h the nerve is completely reshaped. In a study of chronic safety [24] , three FINE designs were implanted in rats, each exerting a low, medium, or high force onto the nerve. Each FINE reshaped the nerve's geometry, but significant histological and physiological nerve damage only occurred in the electrode that exerted the highest force. The nerve damage is greatest 7 days post-implant and recovers to normal 21 days post-implant, suggesting that once the nerve adjusts to the new geometry, it returns to normal function. This recovery corresponds to a neurapraxia (Sutherland Lesion 1) compression injury [23] and suggests that the reshaping period of the FINE may play a critical role in nerve damage, particularly during the first few days post-implantation when nerve swelling occurs.
In this study, the FINE is further developed to increase its initial opening height and to control the time course associated with reshaping. This further development is accomplished by attaching a biodegradable and biocompatible polymer called Poly (DL-lactic-co-glycolic) acid (PLGA) to the FINE. PLGA is currently the most widely used synthetic biodegradable co-polymer, and is used in technologies such as biodegradable suture and drug delivery systems [25, 26] . PLGA can be easily molded into any configuration and its physical, chemical, mechanical, and degradation properties can be engineered to fit a specific need. Furthermore, the biocompatibility of PLGA is demonstrated in many biological facets [27] .
This article describes this modified FINE called the Slowly Closing Flat Interface Nerve Electrode or SC-FINE, and addresses the following three hypotheses: (1) the original opening height of the FINE can be increased by 1500% of the initial height to accommodate nerve swelling, (2) the time course of closure can be controlled over a longer time period to minimize trauma and (3) the in vitro time course of closure is similar to that obtained in vivo. Also described is a mechanical model to predict the opening height and facilitate the design of the electrode for various applications.
METHODS

Fine Design
FINE, ( Figure 1 ) was designed to have a rectangular cross-sectional area and was fabricated using a common silicone injection mold process. This electrode was tested on the sciatic nerve of felines. The average diameter of the sciatic nerve was 3 mm and the nominal diameter of the largest fascicle is 1.2 mm [28] . The height and width of the opening were chosen such that the area of the opening was sufficient to contain the entire nerve. The opening height was chosen equal to the smallest height fitted in vivo. This height allows for the alignment of fascicles within the electrode, as well as, reshaping of the largest fascicles. The width and thickness of the FINE were 8.38 and 1.27 mm respectively, and were chosen to minimize the force the electrode exerts.
Slowly Closing-fine Manufacturing
The SC-FINE was built by bonding a co-polymer film onto a stretched FINE ( Figure 2 ). The FINE was stretched using a micromanipulator by 25% of its length ($2 mm). The PLGA co-polymer was cut to Figure 2 . Annotated manufacturing steps of the SC-FINE: (a) The FINE, (b) The FINE is stretched and a thin 200 mm PLGA film is attached, (c) The stretch is released and the FINE springs into a new geometry created by the addition of the PLGA film, with a new opening height, (d) Over time in an aqueous medium the PLGA film is weakened and the FINE relaxes back to its original geometry and hence reshaping the nerve that is passing though the electrode. dimension (0.5 cm Â 1 cm) and was coated with a very thin layer of silicon primer (CF6-135, Nusil Silicone Technology, Carpinteria, CA). The primer was applied to facilitate the adhesion between the co-polymer and the FINE. The primer was allowed to hydrolyze in room air for thirty minutes, while a very thin layer of silicone adhesive (MED1-4260, Nusil Silicone Technology, Carpinteria, CA) was applied to the top and bottom of the stretched FINE. The application of the silicon adhesive was done after the primer was hydrolyzed due to the quick curing time of the adhesives (5 min). The PLGA film was then placed onto the FINE while in the stretched position, and a heat gun was used to seal the polymer to the electrode. Each side was heated for approximately 10 s, while the air was pushed out from in between the materials. The system was cured for 24 h before releasing the stretch.
This process was done in a clean hood with all tools and materials first passing through a cleaning procedure. Once the film was made in the press, it was cut to the desired dimensions, within 48 h. During this period, the co-polymer films were stored under weighted condition in a moisture-free desiccator. The films were ultrasonicated for 5 min in ultrapure water (Millipore) to remove any dust or particles and dried in a flow hood prior to the application of the silicon adhesive primer.
Each SC-FINE ( Figure 3 ) was stored in a moisture-free desiccator until ready for experimental use. The opening height was measured using a digital microscope camera (Olympus DP-10 Digital Camera, Melville, NY). Three digital images were taken of each electrode, and the new opening heights were determined using Scion Image (Scion Corportation, Frederick, Md), and the values averaged. A statistical power analysis was done to determine the amount of images needed to produce 55% error (a ¼ 0.05) in measurements of the opening heights. It was determined that three images were sufficient to reduce the measurement error to 55%.
Composite Beam Model
A composite beam model was developed to determine the relationship between the amount of stretch and the opening height of the composite electrode. The electrode model consists of two identical composite beams, each corresponding to a wall of the FINE and the co-polymer film (Figure 4(a) ).
The SC-FINE was modeled to determine the deflection at its center. Since the electrode, shown in Figure 4 (a), was symmetrical about the horizontal plane the opening height can be calculated by determining the deflection of one composite beam and doubling the amount to account for the entire electrode. The beam was analyzed using standard composite beam theory [29] to determine the position of the neutral axis. The neutral axis is defined as the plane through the composite beam with zero stress or strain. The length of the neutral axis along the width W of the electrode (See Figure 1 ) is equal to the original length of the electrode plus the applied stretch.
The deflection of the electrode was based upon the curvature of the composite beam. The curvature in the beam depends upon the end conditions of the beam. The end conditions are determined to be moment resisting because once each end of the FINE is cut the curvature increases. Given the end conditions, it is determined that the beam takes the shape that is shown in Figure 4 (c). The two identical fixed end beams have the same deflection with an inflexion point directly in the center of each beam. The deflection at the inflexion point is exactly half of the overall deflection in each beam. Thus, the overall deflection of the electrode can be determined by analyzing the center portion of the beam between each inflection point (between points P and Q in Figure 4 (c)).
To determine the deflection in the center portion of the beam (Figure 4(d) ) a second known length is needed in addition to the known length of the neutral axis. It is assumed that the inner surface of the SC-FINE returns to the original length of the FINE since the Young's modulus of the silicone elastomer is much less than that of the co-polymer (see Appendix). Thus, the deflection (Y) can be found using simple geometric equations; the derivation can be found in the Appendix.
where R i is the interior radius of the beam and is the angle between the inflection points. From Y the overall Opening Height (OH) is given by:
The deflection in the center portion, Y, is doubled once to account for the symmetry of the beam, and twice to account for the symmetry of the electrode. Finally, the original opening height of the FINE is added to determine the overall opening height of the SC-FINE.
Biodegradable Film Fabrication
The PLGA (Birmingham Polymers, Birmingham, AL) co-polymer was polymerized into a very thin film using heat compression molding, by placing the polymer between two stainless steel plates (thickness 0.25 in.). Nonstick Mylar sheeting (Plastic Suppliers, Columbus, OH) lines each plate and was used to determine the thickness of the final film by placing spacers of known thickness around the perimeter of the Mylar sheeting. The sandwiched polymer was placed into a press (Carver Press, Wabash, IN), heated to 208C higher than the melting temperature of the co-polymer (T m ¼ 1308C), and held under a relatively light load (10,000 lbs) during initial heating of the co-polymer. After initial heating, the pressure was cycled between zero and a very high load (60,000 lbs) in order to push any air or excess polymer out through designed escape valves in the Mylar sheeting spacers. The pressure was cycled 8-10 times, after which the system was allowed an additional 3 min heating period before cooling the new polymer film. The co-polymer film was cooled by submerging the system in ice water.
In vitro Experiments
Two PLGA co-polymers were investigated to study the effect of film composition on the duration of the reshaping or closure period in vitro. The ratio of lactic to glycolic acid in the co-polymer determines the mechanical, chemical, and degradation properties of the film. The 50/50 and 65/35 lactic to glycolic PLGA co-polymers were used in the in vitro experiments. The 50/50 PLGA co-polymer was comprised of equal amounts of poly lactic acid (PLA) and poly glycolic acid (PGA), and the 65/35 PLGA was 65% PLA and 35% PGA.
Both types of SC-FINEs were immersed in a Dulbecco's Phosphate Buffered Saline (DPBS) (Gilbo Inc., Cleveland, OH) bath maintained at 378C for a period of no less than 20 days and no more than 30 days. The DPBS bath was changed every 8 h for the first 2 days, every day for the first week, and every week thereafter. Each day the electrodes were removed from the bath and three digital images were taken to study the rate of closure or the rate of reshaping over time. The experiments were terminated once the electrodes reach their final relaxed geometry, or when the hydrolyzed co-polymer started to delaminate.
In vivo Experiments: Implant Procedure
All animal procedures were approved by the Institutional Animal Care and Use Committee of Case Western Reserve University. The experimental animals were male Zivic-Miller, Sprague-Dawley rats, weighing 350-410 g at implant and fed commercial rat pellets and water ad libitum through the duration of the experiment. The experimental design required 14 rats with bilateral implants. Each electrode was randomly assigned to an animal.
Sterile surgical procedures were used. Intramuscular (IM) injection of a rat cocktail (Ketamine (1.5 mL), Xylazine (1.5 mL), Acepromazine (0.5 mL), 0.5-0.7 mL/kg) was used to induce anesthesia. The lower back of each animal was shaven and scrubbed with povidone-iodine swabsticks (Professional Disposables Inc., Mississauga, Ontario) in preparation for the surgical procedure. The depth of anesthesia was monitored by paw pinch and eye blink reflexes. A water heating pad maintained the animal's body temperature.
Each implant consisted of one 50/50 PLGA SC-FINE placed in a three centimeter stainless steel mesh cage [30] to prevent the effects of external forces on the electrode. Each electrode was processed as described previously in a clean environment and sterilized by dipping the electrode into a solution of Cefazolin (Apothecon, Princeton, NJ, 1 g in 200 cc of sterile saline) before being placed within the steam sterilized stainless steel cage. Intraoperatively, the implant was rinsed in the same Cefazolin solution to further reduce the risk of infection and prevent particulate matter from adhering to the implant.
With the animal in the prone position the incision was made in the center of the lower back noting the position of the animal's hips and was extended 3-4 cm along the central line toward the tail region. Two subcutaneous pockets were made in the lateral aspects of the abdomen making sure that the implants did not rub against the hip of the animal. The implants were carefully inserted into each pocket and the site was irrigated with approximately 1 cc of Marcaine (Abbott Laboratories, North Chicago, IL). The skin incision was closed with wound clips (Fisher Scientific, Hanover Park, IL). The rat was returned to its bedding and monitored until fully recovered.
Explant Procedure
The implants were removed in two explant periods, the first period was 2 days post implant and the second period was 12 days post implant. During each explant period, half [7] of the animals [14] were sacrificed. Intramuscular injection of a rat cocktail produced initial and surgical anesthesia. The wound clips were removed and the implants were freed by blunt dissection. The animals were then sacrificed with an intraperitoneal injection of sodium pentobarbital (1 cc/animal). The SC-FINEs were immediately removed from the cages and three digital images were taken.
Delamination of Polymer Film
During each experiment the electrodes were monitored for signs of co-polymer film delamination. If film delamination was found, a value corresponding to the percentage of delamination was assigned for the entire electrode. For example, the electrode in Figure 3 (a) shows no delamination, whereas electrode in Figure 3 (b) has 10% delamination of the co-polymer film (see arrows). Thus, if one of the two films delaminates fully, that corresponds to 50% delamination. If an electrode experienced a 50% or greater amount of delamination during the closure period, it was removed from the study and the analysis since the delimination could affect the closure time.
Strain Analysis
A strain analysis was done to determine if the manufacturing process (stretching the FINE) of the SC-FINE changed the mechanical properties of the FINE. Comparison of the SC-FINE was done once the reshaping period is complete. Figure 5 shows a conceptual model of the measurement technique, which directly measured the force applied by the FINE. The change in the opening height of the FINE was defined as the displacement, Ád. As the micromanipulator was adjusted, the displacement of the FINE generated a force measured by the strain gage.
RESULTS
SC-Fine Opening Heights
The composite beam model provides one analytical relationship between the amount of stretch applied to the electrode and the new opening height. The model predicts an opening height of 1.63 mm when a stretch of 2 mm is applied to the FINE with a thickness of 1.27 mm (Table 1) . This opening height is not statistically different from experimental data (average OH ¼ 1.66 AE 0.48 mm, n ¼ 28) (two-sample t-test, p50.05).
The validity of the model is further tested by predicting the value of the opening height with 1 mm of stretch applied to the FINE. The SC-FINEs produced are made with 50/50 PLGA co-polymer with dimension of 0.5 cm Â 0.9 cm by 0.2 mm. The average of 20 SC-FINEs opening heights is 0.81 AE 0.23 mm. The model predicts a value of 0.87 mm, which is not significantly different from the mean value of the experimental work (two-sample t-test, p50.05) ( Table 1 ). Figure 7 shows a typical example of a 50/50 PLGA electrode with an increased opening height and a controlled closure period over 28 days. Sixteen 50/50 PLGA SC-FINEs were investigated until the closure period was complete. Figure 8(a) is a graph of opening height versus immersion time and shows the average time course of these electrodes over a period of 28 days. These electrodes reached 90% closure in 16 AE 1 days post immersion with a final value of 173 AE 90 mm.
In vitro Experiments
Ten 65/35 SC-FINEs were studied and the time course of closure, shown in Figure 8(b) , was much quicker than those of the 50/50 PLGA electrodes. These electrodes reached 90% closure in 14-16 h post immersion and a final opening height of 150 AE 33 mm. The magnified view of the first day of immersion shows the very fast reshaping period for these electrodes.
In vivo Experiments
Finally, twenty-eight 50/50 SC-FINEs were built for an in vivo chronic implant designed to compare the rate of closure with the in vitro results. Figure 6 (c) shows a histogram of the opening heights and a mean value of 1.87 AE 0.34 mm. Figure 8 The relative time course of closure of the 50/50 SC-FINE in vitro and in vivo and the 65/35 SC-FINE in vitro are plotted in Figure 9 for days 0, 2, and 12. A comparison of the time courses of closure between the 50/50 and 65/35 SC-FINE experiments showed significant differences when using an ANOVA general linear model with a Tukey comparison (50/50 in vitro / 65/35 in vitro, p ¼ 0.006, 50/50 in vivo / 65/35 in vitro, p ¼ 0.036). However, there was no statistical difference when comparing the time course of closure between the 50/50 in vitro and in vivo SC-FINEs ( p ¼ 0.08).
Delamination of Polymer Film
Delamination of the PLGA film was monitored throughout each experiment to determine if closure occurred from degradation or delamination of the co-polymer film. Figure 10 Figure 10 . Delamination percentages for each experiment: (a) Sixteen 50/50 PLGA SC-FINEs were monitored for delamination throughout the reshaping period. A total of eight electrodes showed delamination of less than 30% on day 1 and maintained that percentage of delamination through day 10. Two other electrodes showed a 50% delamination after a 10-day period of immersion, (b) Ten 65/35 PLGA SC-FINEs were monitored and total of four electrodes showed delamination percentage on day one of 40% or less. All of these percentages increased by day 10, (c) Twenty-eight 50/50 PLGA SC-FINEs were monitored at day 2 and 12 after explant. Eight of the 14 electrodes explanted on day 2 showed delamination percentages of 50% or less, and 3 of the 14 electrodes explanted on day 12 showed delamination percentages of 50% or less. others at 20 and 30% delamination at day 1. From the original seven electrodes with 10% delamination, six did not delaminate further for the duration of the experiment. The time course of closure of electrodes with 10% delamination throughout the closure period was compared to that of electrodes showing no sign of delamination. It was found that the closure periods are similar with no significant differences (data not shown). These results show that 10% delamination does not affect the time course of closure. One electrode delaminated further and eventually one side of the PLGA co-polymer film fully delaminated, this occurred after this electrode reached its final opening height.
SC-FINEs built with 65/35 PLGA films show a greater frequency of delamination. Of the 10 monitored electrodes, 4 showed 40% delamination or less at day 1. Eight in vivo 50/50 PLGA SC-FINEs have delamination percentages of 50% or less at day 2, and three others showed signs of delamination percentages of 50% or less at day 12. Overall, 11 of the 28 electrodes showed signs of delamination, with only three over 30% at day 1 or 2.
Strain Analysis
The measured force in the strain analysis is a linear function of the displacement. The slope of the measurements is defined as the spring constant. Figure 11 shows the force versus displacement results and the Figure 11 . Stiffness measurement. The stiffness analysis is done with the FINE (before immersion) and with the SC-FINE (after immersion) completely reshaped. The results show no statistical difference between the slopes of the two sets of electrodes. The average slopes are 88.10 mN/mm (n ¼ 30) and 85.34 mN/mm (n ¼ 30) for the before and after FINEs and SC-FINEs, respectively. average spring constants of 26 SC-FINEs before the polymer is applied and after they have returned to their original geometry. The difference between the spring constants before and after are not significant (two-sample t-test, p ¼ 0.577). The mean values for before and after are 88.1 and 85.1 mN/mm.
DISCUSSION
One of the goals of peripheral electrode technology is to safely and selectively stimulate and/or record from each axon or very small populations of axons within a common nerve truck. Reshaping nerve geometry into a flat configuration can achieve this goal [20] [21] [22] . One initial response of neural tissue to the placement of extraneural electrodes is swelling due to surgical and mechanical trauma. Therefore, it is beneficial for an electrode to have self-sizing properties such as in the spiral and the helix electrodes [31] . Also, electrodes must maintain the tight nerve-electrode interface required for selective stimulation and recording once the inflammation has recovered. Moreover, in most nerves, the cross-sectional geometry of the nerve is not cylindrical, but more an elongated oval [1, 2] . Therefore, the Slowly Closing-FINE design, with its self-sizing properties, can maintain a tight nerve-electrode interface and a final flat shape that is well suited for selective and safe nerve stimulation.
The electrode presented in this article is modeled with a composite beam to study the relationship between the amount of stretch and the opening height of the electrode. During the development of the model, an assumption was made that stated the inner length of the final electrode returned to the length of the original electrode. This assumption was necessary to simplify the analysis, and was validated using experimental techniques. Very small lines were drawn on the original FINE prior to producing the SC-FINE and the distances between them were measured. The same lines were re-measured after manufacturing the SC-FINE to determine the overall length. In 10 electrodes it is found that, on average, the overall interior lengths returned to the original lengths with less than 10% error. This model may prove to be very useful in the future as a tool to aid in the design of an SC-FINE electrode. One may design the electrode to fit any specific nerve diameter and expected neural insult, as well as the final opening height needed to fit the engineering need of selectivity.
The in vitro experimental results show that the opening height of the FINE can be increased significantly using the new composite design that combines PLGA and silicone elastomer. The new design provides additional area for nerve swelling and allows the nerve to adjust slowly to the new geometry. The average opening heights of the 50/50 PLGA and 65/35 PLGA SC-FINEs are increased by a minimum of 1600%, which is sufficient to contain the nerve and allow for nerve expansion during swelling.
The differences in average opening heights between the 50/50 and 65/35 SC-FINEs could be attributed to differences in the co-polymer film. Poly(lactic acid) (PLA) is a semi crystalline amorphous polymer that is used where high mechanical strength and toughness are required. The addition of more hydrophobic PLA units to the co-polymer increases the mechanical stiffness of the corresponding film [32] . This increase in mechanical stiffness is evident in the 65/35 PLGA films where small cracks were observed in a small population of the 65/35 SC-FINEs.
The time course of closure results show that the time for nerve reshaping can be controlled and prolonged beyond the 12 h reshaping period of the FINE by a minimum of 16 days using the 50/50 SC-FINE. However, the opening height of both types of SC-FINEs did not return to their initial value (0.102 mm). The differences in initial and final opening heights could be attributed to many different factors. One possibility is that a small residual amount of PLGA film left on the electrode could increase the opening height. However, this layer does not have the mechanical properties to maintain the curvature. Another possibility is that the increase in opening is caused by stretching the silicone elastomer beyond its elastic region. However, the results from the strain analysis study, in which the spring constants are very similar, do not support this theory. Another possibility is that the thin layer of silicon adhesive applied to the stretched FINE to seals the PLGA film to the FINE could affect the final opening height. This hypothesis was tested separately (data not shown), and the thin layer did not cause the increase in the original opening height. However, the combination of the PLGA film and thin layer of adhesive together may explain the increase in final resting opening height.
The average opening heights of the 50/50 SC-FINE in vivo at day 12 are 20% higher than the final opening height of the 50/50 SC-FINE in vitro study. The twelve day chronic period was chosen due to reports in the literature that in vivo degradation of PLGA films occurs faster than in vitro degradation [33] [34] [35] . The statistical analysis between these experiments shows no differences between day 12 for the in vitro and in vivo, thus the electrodes are not fully closed by day 12 in vivo.
Although the 50/50 SC-FINEs average opening height decreased rapidly from the initial value of 1.66 mm, it is still at least 400% larger than the original value of 0.102 mm 2 days after implant allowing swelling to occur. Moreover, the closure of the electrode is nearly complete by 16 days post-immersion or implant as indicated by the lack of significant differences between the opening heights at day 16 and all subsequent points. This period of closure is similar to the duration of fibrous tissue encapsulation. Tissue encapsulation of implants depends on many factors such as the shape and size of the implant, the materials from which it is fabricated and interactions between the implant and the surrounding tissue [36] . The time period for complete fibrous encapsulation is unclear but reports suggest that the acute phase of fibrin formation is complete within 2 weeks [36, 37] , thus allowing enough time for reshaping using the 50/50 SC-FINE.
The rapid initial closure of the opening heights in both SC-FINEs could be explained by the degradation properties of the co-polymer film or by the applied stress on the degradation rate. Thin PLGA films are characterized by bulk degradation and by an autocatalytic effect. This effect has been studied in thin PLGA film of different thicknesses (10 and 100 mm) in vitro, and it was found that thicker films degrade faster than corresponding thin films [38] . This is due to the accumulation of intermediate degradation products, such as carboxylic groups, over time in the center of the film that leads to faster central degradation [38, 39] . If the autocatalytic effect occurs at the same rate in both types of films, the 65/35 PLGA film should degrade slower and have better mechanical properties compared to the 50/50 PLGA film. The autocatalytic effect plays a role in the rapid decrease in opening heights seen in both SC-FINE experiments due to the co-polymer's thickness (200 mm), but fails to explain the differences in closure periods between the 50/50 and 65/35 PLGA SC-FINEs.
By adding more hydrophobic lactic units to the PLGA ratio, slower co-polymer degradation should occur due to PLA limited water uptake in thin films [32] . However, the results presented above do not support this mechanism since SC-FINEs made with 65/35 PLGA co-polymer reach full closure within 1 day compared to 16 days for the 50/50 SC-FINEs. The degradation properties could also be enhanced by the stress applied to the film by the FINE, helping to explain the rapid decrease in both SC-FINEs. Moreover, stress induced degradation could be further enhanced if the co-polymer film is weakened by the formation of a crack, thereby, explaining the fast decrease in opening heights observed in the 65/35 SC-FINEs.
The stress on the film could also generate delamination, decreasing further the closure period of the SC-FINE. The initial stages (day 1 or 2) are the most important because most of the reshaping is accomplished in this period. However, the results suggest that the manufacturing procedure is adequate to bond the PLGA to the FINE, with only three electrodes delaminating further than 30% over all experiments on day 1 or 2. These results suggest that the closure of the electrodes is due to the degradation and not delamination of the films.
Over the past decade, neural modulation system have gained notoriety due to positive outcomes in patients with Parkinson and other movement disorders, as well as for the treatment of epilepsy and other neurological diseases. Today, an increasing interest in these systems has opened new ideas for treatments that include disorders such as obstructive sleep apnea (OSA), obesity, autonomic dysfunctions, and many other neurological disorders. These applications could benefit from the technology presented, as this electrode design can provide increased safe and effective stimulation selectivity [24] . This technology, due to the stable and tight neural interface created, by the slow reshaping process, could decrease stimulation amplitudes, thereby reducing the power requirements for implantable systems.
CONCLUSIONS
A new composite nerve cuff electrode has been designed and tested to increase the opening height and slowly reshape peripheral nerve geometry. The original opening height of the electrode is increased by a minimum of 1600% compared to the final resting opening height by the addition of PLGA co-polymer film to the FINE. The time course of closure is determined by the properties of the biodegradable co-polymer and can be prolonged from 12 h to a minimum of 16 days using 50/50 SC-FINEs. The degradation rates are similar in vitro and in vivo.
APPENDIX: COMPOSITE BEAM DERIVATION
A composite beam model was developed to determine the relationship between the amount of stretch and the opening height of the composite electrode. The electrode model consists of two identical composite beams, each corresponding to a wall of the FINE and the co-polymer film (Figure 4(a) ). The model is compared to preliminary data collected by stretching electrodes two millimeters using a micromanipulator.
The purpose of the model is to determine the deflection at the center of the electrode. Each beam is analyzed using standard composite beam theory [29] to determine the position of its neutral axis. The neutral axis is defined as the plane through the composite beam that has zero stress or strain. The neutral axis (" y) is found by scaling the width of the silicone elastomer such that the Young's modulus ratio [1] of the silicone elastomer and the PLGA co-polymer create a new homogeneous beam. Figure 4(b) shows the cross-sectional view of the original and scaled homogeneous beam. The Young's modulus for typical Silastic is 2.5 N/mm 2 and the modulus of the PLGA co-polymer film of thickness 0.2 mm ranges from 1400 to 2800 N/mm 2 (average 2100 AE 700 N/mm 2 ) (Birmingham Polymers, Inc.). The average Young's modulus of the co-polymer is used in all calculations.
The neutral axis (" y) is given by [29] :
T p,s and W p,s are the thickness and width of the polymer and the silicone elastomer in the scaled cross-section of the composite beam as seen in Figure 4 (b). W s is scaled by the ratio of the Young's modulus (1) to create the homogenous beam. Due to the materials used and the overall design of the SC-FINE the length of the neutral axis is approximated to be equal to the original length of the electrode plus the applied stretch. The deflection in the center of the each beam is symmetrical between each half of the beam because the deflection at the inflexion point is exactly half of the overall deflection in each beam (Figure 4(c) ). Since the deflection is symmetrical in each half of the beam, the overall deflection of the electrode can be determined by analyzing the center portion of the beam between each inflection point (between points P and Q in Figure 4(c) ). In order to analyze the deflection a second known length is needed in addition to the known length of the neutral axis. Assuming the inner surface of the SC-FINE returns to the original length of the FINE, because the modulus of the silicone elastomer is much less than that of the co-polymer, then a second length is known. By doing this, the deflection can be found using simple geometric equations. Start with the equation of an arch:
Controlled Nerve Reshaping R i is the interior radius of the beam and is the angle between the inflection points, both values are unknown, but L i , the interior length, is a known value based on the assumption discussed above. is also equal to:
where L NA and R NA are the length and radius of the neutral axis, in which only the length is known. Substituting Equation (4) into 3:
R NA can be defined as:
where t is the distance between the neutral axis and the inner surface, the two known lengths. Substituting Equation (6) into (5) gives an expression for the R i :
Once the inner radius is found, (Figure 2-4(d) ) is determined from Equation (4) and halved to determine Y, the deflection of the center portion of the beam (Figure 2-4(d) ), from which the opening height can be determined using:
The overall opening height (OH) is given by:
The above equation describes the OH of the electrode given the amount of stretch. The deflection in the center portion, Y, is doubled once to account for the symmetry of the beam, and twice to account for the symmetry of the electrode. Finally, the original opening height of the FINE is added to determine the overall opening height of the SC-FINE.
